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Plasma heating and ultrafast semiconductor laser modulation
through a terahertz heating field
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Electron-hole plasma heating and ultrafast modulation in a semiconductor laser under a terahertz
electrical field are investigated using a set of hydrodynamic equations derived from the
semiconductor Bloch equations. The self-consistent treatment of lasing and heating processes leads
to the prediction of a strong saturation and degradation of modulation depth even at moderate
terahertz field intensity. This saturation places a severe limit to bandwidth achievable with such
scheme in ultrafast modulation. Strategies for increasing modulation depth are discussz@b0 ©
American Institute of Physic§S0021-897@0)03622-7

I. INTRODUCTION The basic phenomena of this modulation scheme have
been discussed in several previous papetsising simpli-

As demand keeps increasing for faster data transfer ratged models. In those approaches, linearization of the optical
in today’s broadband telecommunication systems, convergain at a given temperature is made. The self-consistent cou-
tional current injection modulation scheme on semiconductopling between lasing and plasma heating processes is not
diode laser and passive modulation schemes, such as thMy considered. One obvious prediction of such a theory,
using electro-optic and acoustic-optic effects, are stretched though not explicitly emphasized in those papers, is that the
their limits* As a result, both multiplexing technologies and modulation depth increases monotonously as a function of
alternative modulation schemes into the terah€ftaz) re-  the THF/HFF amplitude. One is led to believe that the de-
gime are under fervent pursuit. Direct optical modulation ofsired depth of modulation can always be achieved through an
the transmitter laser is distinctively advantageous over othéhcrease of the amplitude of the heating field. Since modula-
passive schemes as the telecommunication industry is moyion depth is an important parameter for any practical imple-
ing toward an all-optical networking future in order to elimi- mentation of this scheme, it is important to look at this issue
nate the electronic bottleneck. One of such alternative direghore closely to find out if and to what degree the prediction
modulation schemes is through a heating electrical field.  of a simplified linear theory is valid.

In such a modulation scheme for quantum well lasers, a  In this article, we attempt to overcome these shortcom-
high frequency electrical fieldHFF)>® or a terahertz field ings of the linear theory and to address the two-way coupling
(THR)*® is applied to the laser structure such that the fieldpetween lasing and heating processes. While effects of
polarization is in the plane of quantum well layers. The ap-plasma heating on lasing process have been addressed, the
plied field accelerates electron-hole plastEiP) and the reverse process, namely the effect of lasing on heating has
acquired kinetic energy is then converted to thermal energyiot been adequately studied. Our starting point is the well-
through various scatterings to heat the plasma. For a timesstablished semiconductor Bloch equati¢S8ES that de-
dependent field, the plasma temperature is expected tcribe microscopically the coupling between plasma distribu-
change, following the time dependence of the applied fieldtion and optical polarization induced by the laser field in the
Since it is well known that optical gain is a sensitive function active semiconductors. We derive a set of equations for mo-
of the EHP temperature, the alternating plasma temperatuii@ents of up to second order from the SBEs after adiabati-
will lead to an alternating optical gain, thus to a modulatedcally eliminating the medium polarization. This set of mo-
laser output. In contrast to the conventional current injectiorment equations consists of energy, momentum, and carrier
modulation, where the bandwid®,3g, is limited by inter-  density. Their self-consistent coupling and the microscopic
band recombination carrier lifetimg, and density-induced gain are included automatically.
differential gain 9G/JdN, modulation through a THz field This article is organized as follows: In the next section,
should not experience this speed bottleneck, since plasmge will derive the set of moment equations from the SBEs
heating is an intraband process which occurs on a picosecornghd review the basic assumptions we make in the process of
time scale. The plasma density is almost constant on suchderivation. In the third section, main results of our numerical
fast time scale, so that slow recombination is no longer a’imulation of these moment equations will be presented. Fi-
issue in this scheme. This is the basic idea behind the Uhally' the article is concluded in the fourth section.
trafast laser modulation through a high frequency heating

field. Il. HYDRODYNAMIC MODEL: THE

MOMENT-EQUATION METHOD
aE|ectronic mail: jianzhng@nas.nasa.gov The physicgl system we are dealing _with is.a uni_form
YElectronic mail: cning@nas.nasa.gov EHP in a semiconductor quantum well interacting with a
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single-mode laser field by stimulated emission and absorp-  gp,
tion, which is conveniently described by the two-band semi- el
conductor Bloch equatiors® The modified SBES 2 with inc
an in-plane terahertz field in the direction &f Fyn(t) where a=e, h, shorthands for electrons and hol&sis the
=Fn4,(t)X, are used as our starting point to derive the mo-active area of the quantum we{QW). The Boltzmann scat-
ment equations and listed later tering matricesW,(k,k’) for electrons and holes and the
scattering matrice¥V,(k,k") take into account of carrier—

2
=5 2 Wk k)P —Wy(k' P, (26

d eFqy,(t) N ey INe(k) carrier and carrier—phonon scattering processes additively
at A Vi[ne(k) = =234 ypic}+ i (see Ref. 14 for details
e It is computationally too expensive and very often un-
[0 eFruAt) N o INp(—=k) necessary to solve the earligfresolved equations to de-
a Tvk Nn(— k) == 20{Qypic}+ Tt | scribe a laser. Rather a set of moment equations is simpler
- inc

(2.2 and often used. This has been done for lasers without the
heating field>~*®where the equation for the first-order mo-
ment, the momentum, was not necessary. Formally it is
+(ho—eo(k) —en(k) = Eg)} Pk straightforward to write down equations for the various mo-
ments. For the first three moments, we have the following
equationgsee Ref. 19 for a general approach

-ih ﬁ_eFTHz(t)
MExT T

Vi

., P
=th[ne(k)+nh(k)—1]+|ﬁW

: (2.3

inc dN 4 nJm~ Bs
=== > HOpE AR+ 2 - —PN2—y N, (2.7)

wheren, (£k) is the nonequilibrium distribution function dt S% {2upich A € W 7o

for electrons and holes with wavevectark, respectively.

The signJ means the imaginary part of the complex quantity”"_ « +eNF,(t)=— L_l 2 kIO pEY A2+ dP,

within the ensuing braces and the superscript synibol dt S« dt

means complex conjugate. TlE, is the renormalized Rabi

ap

frequency and defined through + ddF;“ - %)N P.—ynP,, (2.8

c—LO
A=de,(K)A+ 2 Vi Py 24 4
Kk dtaiem—aFTHz(t)

Denoted byA and p, are the slowly varying envelop func- “

tions of the laser fieldE(t)=Aexp(wt)+c.c., and inter- 4 o hK* . " dE,

band optical polarizationP,(t)=pcexplwt). For brevity, :_gg WJ{QkpkH'M Tl T ar

most notation of the time dependence has been dropped. As ' c-Lo

usual, e is the absolute value of electron chardejs the i E.| Bsp

Planck’s constantV, is the Fourier component of the T (AE9+ W) - WNEa_ YoEa, (2.9

screened Coulomb interaction between an electron and a
hole, d., (k) is the interband optical dipole matrix element Where
between an electron statégk), and a hole statelv-k), 5 2.2
gen(K) is the carrier energy renormalized by the screened {N,,P,,E }=— 2 {Lﬁkx,—)na(k), (2.10
Coulomb interactionfi w, is the photon energy of the laser S 2m,

field, andE, is the band gap energy of the semiconductor,,

gain medium. Major incoherent scattering processes, such e reduced mass The component of the momentuid
* o

carrier—carrier and carrier—LO phonon collisions, are . !
: S -has no dynamical relevance in our case and thus been left out
lumped in the terms labeled by subscript inc and treated in

the second-order Born approximatib® Last but not least, SO P« Stands for the component. The upper/lower sign in
other contributions not included here will be added empiri-EdS: (2.8 and(2.9) is for electrons and holes, respectively.

cally to the moment equations, as appeared in Eq‘,;L_Jniformity, or charge neutrality, of the system requires

(2.7)—(2.9).2 Before delving into further development of the Ne=Nn=N. Jiy; Is injection current with quantum efficiency
earlier equations, it is helpful to discuss our treatment of the?- Details in carrier capture are not considered, but we as-
scattering processes. In this article, temporal correlations arg'™® that the capture process occurs ms_tantaneOI_Js_Iy _and
assumed to be instantaneous for the statistical evolution dfairwise for electrons and holes. Energy gain per pair is in-
the EHP. In the semiclassical picture, by neglecting memoryUitively taken as the band gap offsag, between barrier
effect, the incoherent scattering terms in the modified SBe&nd Well material, in addition to the average enekgy/N

are expressed in terms of local carrier distributions per pair injected into the EHP. , _
It is worth noting that other than the introduction of
ang(k)

) ) those empirical terms accounting for carrier generation and

g | S 2 {Wa(k, k" )ng(k")[1=n,(k)] recombination, no assumption has been made about the dis-

ne. =k tribution functions up to this point. The collision terms,
—W, (k" k)n (k) [1—n,(k")]}, (25 d{P,,E,}/dt|,z, for electron-hole scattering, and
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d{P,,E }/dt|._ o, for carrier-LO phonon scattering, are Py

treated in the Born approximatidit® Their corresponding | T T VePio (213
expressions can be easily obtained by multiplyfikj, or ne

#2k?/(2m,) to the scattering terms and then integrating overthe k-resolved optical susceptibility is written as

k. For example

Ao, (DO + V0 -1] 1
210 " horedk)—en(k)—Eqtifiyp 1-ay(k)’

where the term I4—q4(k)] is the so-called Coulomb en-

It is important to point out that the above set of equa-hancement factor and its explicit expression can be found in
tions is not closed yet. First, the distribution functions appeafiaug and KocH, or in Chow and Kocff for the diagonal
in the collision terms, Eqg2.5) and (2.6). Assumption has decay, or an improved version in Nireg al*® including the
to be made about the type and nature of these functions d¥Pndiagonal scatterings. The relaxation rafds assumed to
that those collision terms can be evaluated. Second, thge k independent. The many-body effects are treated in the
k-resolved polarization functions appear in the moment equalfamework of the Hatree—Fock theory with dynamic screen-
tions, Eqs.(2.7—(2.9), which is an additional coupling that ing modeled by the single plasmon pole approximaiBit
is not found in the typical moment equation treatment ofiS Worth noting the following:(1) As discussed in Sec. I,

electronic transport problems. This is the well-recognizedsubpicosecond incoherent scatterings allow us to neglect the
truncation problem. coherent effects of the THz field on the polarizatid@)

Our way of truncating this hierarchy relies on the time drift-related correction to the susceptibility has been omitted
scale argument for the problem we deal with here. We notdor the drift kinetic energy is estimated two orders of mag-
that the fastest time scale is the carrier—carrier scatteringditude smaller than the chemical potential at a typical THF
which complete around 50—100 fs at the level of lasing denof @ few kilovolts per centimeter; an@®) no spectral hole
sities. The next fastest time scale is that of the carrier-phonoRurning introduced saturation effects are considered in the
scatterings, which is in the order of a few hundred femtosecOptical susceptibility because the laser field intensity in-
onds. For the terahertz field we consider here, the period i%0lved in our simulation is much smaller than the required
larger than the phonon scattering time. Since our main interintensity, estimated at 58 MW/cnf*
est in this article is on the THz heating and much slower  If we substitute Eqs(2.14) and(2.12) into the moment
lasing processes, we can safely assume that the carriefduations, we have a closed set of equations for the first three
carrier scattering processes have resulted in quasisteady di§oments. This set, coupled with Maxwell equation, will per-
tributions for electrons and holes, quasiequilibrium This ~ Mit & self-consistent description of lasing and heating due to
leads in general to the so-called drifted Fermi—Dirac distri-the THz field. However, further simplification can be made

d{P, E.} (2.14

dt

2 72k?) an (k)
=§Ek‘ﬁkx’2ma] at

ap apB

bution to eliminate the momentum equations. First, we point out
that in Eq.(2.8) the momentum change due to stimulated
n,(k)=fOk—k) emission can be ignored in comparison with those due to
THz field and to carrier—carrier and carrier-phonon scatter-
=[exf BleJk—kET—pH+1]172 (212 ings. The momentum equation is then reduced to
with 7k = k{x bei_ng the drift mqmegtum of_electrons/ dd&ieNFTHz(t): — P, % Yehmr(E— 215
holes due to the applied THF/HHF in thedirection. And t Me My

— -1 i i
B=(keT) ~, ke is the Boltzmann constart, is the plasma oo ¥¢ is the lumped carrier momentum relaxation rate

temperaturee (k) is the unrenormalized carrier energy, anddue to LO phonon scatterings, spontaneous emissions, and

M 1S the chemical potential which is determmed 'r.]depen'nonradiative recombinationg;, is the interband electron-
dently for electrons and holes from their density and

. . . hole scattering rate, which is given in the Appendix. Manipu-
temperaturé.In doing so, the active semiconductor QW ME- Jation of this equation by Fourier transformation produces

dium ?s characterized by plasma density, tempe'rature, an{ie following results:
the drift momenta of electrons and holes, respectively. Here
we have assumed that the plasma is thermalized by the sub- eNFry (o)
picosecond incoherent scatterings such that no temperature Pe(®@)=—Pp(w)=
difference exists between electrons and hdkee the Ap-

pendi¥. The assumption about the distribution functions cut-Since the THz frequency is an order of magnitude smaller
off the hierarchy arising from the scattering terms. The saméhan v, + yen, 22 2> the frequency dependence is omitted in
time scale argument also helps cut off the hierarchy due tour investigation.

polarization, since distribution thermalization and polariza- The final procedure in arriving at the hydrodynamic
tion relaxation are the results of the same carrier scatteringsnodel is to convert the energy equation, E2}9), to a tem-
This leads to a typical adiabatic elimination of the polariza-perature equation, which is aided by first decomposing en-
tion. After definingp,= eoxA and making a relaxation time ergy E,, into kinetic energy which is associated with drift
approximation for the interband polarization scattering termmomentunmP,, and thermal energW,,, by using the follow-

in Eq. (2.3 ing relation:

(2.19

Yt Yen—io’
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TABLE I. Partial simulation parameters.

r Confinement factor 0.025 Toh Photon lifetime 40 ps
Jinj Injection current 0.4 KA/crh 7 Current inj. efficiency 0.5
Bsp Spontaneous emission 4.0x107% cmi¥/s Nonradiative recomb.  1.0x10° s!
coefficient coefficient
TTHz Relaxation time 0.1 ps fiyp Dephasing rate 5 meV
p2 Il. NUMERICAL RESULTS AND DISCUSSIONS
[e3
E,= +W,. (2.17 . _— -
2Nm, In this contribution, an 8 nm GaAs/MGa, -As single

Then, the desired moment equations for the hydrodynami
model for plasma density (zeroth-order momeptand total
thermal energy W=W,+W, (second-order moment
coupled to the laser-field amplitude-envelop-function
equatiort® are derived as follows:

uantum well structure is studied. Other than those material
garameters, which can be easily found in literature and not
listed here, we use the parameters in Table I. Throughout this
study, we assume, except when specified otherwise, a fixed
lattice temperature of 295 K and photon enerfyy, , of 1.4
eV, which roughly corresponds to the gain peak photon en-
ergy. In addition, cw THz field of the formF y,(t)

%: - lz)geKEFj é > de,(K) x| E— i (2.18 =AT_Hz sin(quvTHZt— bo), is_ assumed. Th_e focus of this pa-
0%b K Tph per is on long-time behavior of the semiconductor laser un-
der such cw THz field. The transient response and the effects
d_N:_ i 2 [ dg, (K) *]52+m of pulsing THz field will be considered in a forthcoming
dt hS et Xk e article.
B As we pointed out earlier, the effects of THF/HFF on
— —PN2— 9, N, (2.19  semiconductor laser modulation have been studied using a
w linear gain modet:® According to the linear theory, a deeper
- modulation can always be achieved through further increase
d_W: _ i s A7k 3l ldg, () +3 v * of THF/HHF amplitude. Since certain level of depth is re-
dt ST 2m, v o ke =KXk | Xk quired in application, it is important to know at what density/

temperature level, the linear gain model will become invalid.

< E24 dW| Ninj AE.4+ First of all, let us consider the nonlinear effect of appli-
dt 707 e 9 N cation of an intense THz field on the differential gains in-
N&? B duced by density change and temperature change. As under-
TTH _ . . . . _. . .
ZF$HZ(t)_ st INTYY v W, (2.20 stood frpm small §|gnal analysis in direct current |nj§ctlon
m, w modulations, the important bandwidth parametey;s, is

) determined partly by the density-induced differential gain.
where £=|A], K:_‘/E—b“_’llc is the wave number of the \yhen the optical gain modulation is realized via plasma
single-mode laser field, is the speed of light in vacuum, and peating, it is found that the temperature-induced differential
V=wSis the volume of the active region. In additions;  gain replaces its density counterpart. However, deviation

=1(yi+ ven) is an effective relaxation time, similar to that o |inearized model is expected. The optical gainf the
in the Drude model for a single-component plasma. Th&, erted medium. i.e.. the EHP. is given as later
weak energy dependence of both and y,, has been ne- T ’

glected in our model, so a constant relaxation time has been

used in this article. Carrier—LO phonon interactions, G=-— ngFj E > deo(K) Xk |- (3.2
(dW)/(dt) |- o, are treated microscopically and details are €oep |V K
given elsewheré’

Rather than solving the above set of equationgfm,  In Figs. Xa) and Xb), we plot the density- and temperature-

W} with the plasma temperatufieas a dummy variable, itis induced differential gaingdG/dN, dG/dT}, respectively. It
more convenient to work with the temperature and numeriis obvious from the figure that these differential gains change
cally solve for{€, N,T}. A transformation is introduced later, appreciably within the relevant density and temperature
which is equivalent to a similar manipulatiéhbased on the ranges(see Figs. 2 and)3 Such gain nonlinearities can be

chain rule and the functional relationshiy=W(N,T), understood as follows. Because phase space filling effect of

the fermionic nature of electrons and holes, saturation in the

dT [dwW WdN)[ow\ * optical gain sets in as carrier density increases, which ex-
a:<ﬁ_ mﬁﬂﬁ) ' (2.2 plains why the density-induced differential gah®/JN is

reduced to 0. Plasma heating, however, reduces the phase
wheredW/dN and dW/JT are calculated using the assumedfilling factor, (k) + f,,(k) —1, and thus eases the saturation
quasiequilibrium Fermi—Dirac distribution functions for and leads to a slight increase d®/JN. On the contrary, as
electrons and holes. plasma heating reduces the phase filing factor, the
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FIG. 3. Dependence of modulation amplitudesr{2, component of
.FlG' L. D_lfferen_tlal gains vs temperatur(_e at various der_15|t|es_. Density plasma temperaturéa), density (b), and laser intensityfc) on THz field
induced differential gain and temperature-induced differential gain are plot: .

. . intensity at 0.1, 0.33, 0.66, and 1.0 THz.
ted in(a) and(b), respectively.

temperature-induced differential gai/JT, proportional to

the factor, decreases accordingly. As carrier density inat the modulation behavior as THF intensity changes, we
creases, saturation in the optical gain due to phase spa@éot the dc components§=ig. 2) and ac componeni§ig. 3)
filling suppresses the differential gain too. of EHP temperature, EHP density, and laser intensity. There

Now let us take a look at the asymptofiong-timg  are quite a few features in Figs. 2 and 3 worth noting. First,
behavior of the system under a cw THF. According to ourall the dc components change with THF intensity linearly.
extensive simulation in a quite wide range of modulationAs THF intensity increases, the dc plasma temperature rises
parameters, the asymptotic behavior of laser intensity, thdue to heating effect. This temperature rise causes reduction
EHP density and temperature, and optical gain are all welin the optical gain. To tend to compensate for the loss of the
characterized as the sum of a zero-frequefalcy component ~ optical gain due to temperature rise and to maintain laser
and a second harmonic ¢2,, a0 component. Time evolu- operation, the EHP density has to increase to increase gain.
tion of these quantities start to deviate from this simple sinuThis results in a net gain loss which cause a linear decrease
soidal behavior when dc level of the laser output approachegf the laser output power as can be seen in K@. Finally,
O—laser driven close to switch-off, or when the modulationat the high level of the THF of our simulation, the gain loss
frequency becomes too low and nearly resonant with the redue to the rising temperature far exceeds the density-induced
laxation oscillation frequencyThis sinusoidal behavior with increase, the net gain becomes comparable to threshold level
the second harmonic oscillation has its origin in fg,,(t) and laser output drops to almost 0. The second feature of Fig.
term in Eq.(2.20. The time evolution of laser intensity and 2 is the frequency insensitivity of the dc components. As is
carrier density can be found in Ref. 5. To look more closelyobvious from the figure, the dc components for all four fre-
quencies, 0.1, 0.33, 0.66, and 1 THz fall on the same straight
lines. This is because the inverse of the characteristic dy-
namical time scale in the EHP is at least an order of magni-
tude larger than these frequencies, thus the frequency depen-
dence of the effective relaxation timeyy, becomes
negligible, as can be seen in H§-16).

In contrast to the behavior of the dc components, the ac
part shows a sensitive frequency dependence, as shown in
Fig. 3. The ac components decrease as modulation frequency
increases. This is a quite important point. Since a minimum
modulation depth is required for application, this result
places an upper limit to the modulation frequency. The most
important feature in the ac component curves is the decrease
of the ac components of density and laser intensity at high
field amplitude[Figs. 3b) and 3c)]. While ac temperature
shows a linear increase with THF intensity in the entire
THz field intensity [(KV/cm)’] simulation range shown in the figure, the ac density and laser
FIG. 2. Dependence of dc components of long-time solutions for plasmellmenSI_ty increase only u_p to_a particular THF ampl_ltUde
temperaturda), density(b), and laser intensityc) on THz field intensity at ~ When it reaches the maxima. Thereafter, the ac density and
0.1, 0.33, 0.66, and 1.0 THz. laser intensity start to drop. With further increase of the
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FIG. 4. Temperature-induced nonlinearity in optical gain. Plotted is theF|G. 5. Long-time behavior of laser output operating at 77 K and under THz
change in gain due to plasma heatingAG=dG/dT|; AT  field modulation. Injection current for the dotted curves is 2 and 1 K&/cm
+3°GIT?|7 (AT)?/2, where reference temperatufe is 295 K, at two  for the solid curves.

plasma densities. Dashed-line data only keep the linear term.

decreases as seen in Figc)3 This result has important con-

THF, the modulation depth approaches 0. This is contrary t@equence for application of this modulation scheme. Instead
the prediction of linear theory. of simply increasing the THF intensity to increase modula-

To explain this behavior, we go back again to the quan+tion depth, a more careful optimization is required to achieve
tity of optical gain. The total gain variation is written as the maximum modulation depth. This is especially important,
sum of two terms: AG=AG\y+AG; with AGy since the relative modulation depth in this scheme is quite
=dG/INAN and AG;=dG/ITAT. Typically in our simu-  small very often. An estimate from Figs. 2 and 3 shows that
lation results, the ac component of density is in the order ofhe relative modulation depth is around 0
AN=10° cm 2 [see Fig. &)], while that of temperature is Indeed, maximizing the modulation depth is an impor-
in the order of ten degre¢see Fig. 8a)]. Using the typical tant task for the application of this modulation scheme. From
number of differential gain in Fig. 1, we estimate the®, our numerical results presented earlier, we can point out sev-
<0.1 cm ! andAG;~1 cm L. This means that the gain eral directions to pursue for this maximization. One obvious
modulation due to temperature modulation is at least onélirection is to decrease the modulation speed as the modula-
order of magnitude larger that that due to density modulation depth increases inversely with frequency as can be seen
tion. This is actually the reason why this modulation schemeén Fig. 3(c). In fact, we have not been able to achieve a
can get around of the interband speed bottleneck, since neasonable modulation depth for frequency beyond 1 THz
appreciable density change is involved. As a consequencwjith cw THF of a few kilovolts per centimeter. With careful
we ignore the gain change due to density modulation in th@ptimization, this scheme may achieve decent depth of
following discussions. We note that the depth of laser outpumodulation in the range between a few tens of gigahertz to
modulation depends on the ability to modulate laser gain. laround 100 GHz. This is still a very appealing bandwidth,
is therefore reasonable to assume that laser modulation depgfiven the fact that the direct current modulation can achieve
is proportional to the gain modulation. For a linear variationaround 10 GHz. Another direction for maximization is to
of gain with temperaturegG/dT is constant. With the mo- optimize the laser operating point, i.e., the operating thresh-
notonous increase of ac temperature component as shown ahd current density etc. Plotted in Fig. 5 are long-time simu-
Fig. 3(@), a monotonous increase in ac laser intensity shouldated dynamics of the output intensity of a GaAs QW laser
be expected. The quite nonlinear behavior shown in Rig). 3 operating at 77 K and under higher injection levels, 1 and 2
indicates that the linear picture is no longer correct. KA/cm?. It is clearly indicated that modulation depth in-

To look at this issue more quantitatively, we plot in Fig. creases with the injection current. As a result, a dee€ebsfvo
4, the temperature-induced gain change as a function of aelative modulation depth can be achieved at high enough
temperature component using the linear gain model and modulating THF intensity. It should be pointed out that the
nonlinear model up to second orderAl. Since ac tempera- increase in modulation depth mainly depends on the injec-
ture is proportional to the THF intensifyrig. 3(@)], the x  tion level instead of the lattice temperature. From our earlier
axis can be also understood as the THF intensity. The parananalysis, we understand that the temperature-induced gain
eters are exactly the same as in Fig. 3 with the referenceonlinearity is the major obstacle for achieving deep modu-
temperature being 295 K. We see that, with the inclusion ofation. From Fig. 1b), we see thatG/JT becomes a less
gain nonlinearity, the gain modulation first increase up to asensitive function of temperatur@gneaning a smaller gain
maximum and then starts to decrease as the nonlinearityonlinearity as density increases. Increase of lasing thresh-
starts to kick in. This explains why the ac laser intensityold will have the laser operate around larger carrier density
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and therefore higher bandwidth. This can be seen in Fig. 4 bgonsequences of interband scatterings on momentum relax-
comparing the two curves foN=1.0x10'> cm 2 and ation we assume quasiequilibrium for the electron-hole
N=1.8x102 cm 2. Much less severe saturation of gain plasma.

modulation is seen for the larger density case. Therefore, Given that each subband is thermalized and described by
increase in modulation depth is expected for the larger derna drifted Fermi—Dirac distribution functionnﬁzfﬁf)[k

sity. There is another possibility to maximize the modulation—k(D“)], wherea=e, h, the electron-hole scattering rate can
depth. We know that the gain characteristics depend on mde written as follows:

terial properties and quantum well structures. By engineering «
guantum well structures with smaller gain nonlinearity, we ﬂ — E
may be able to increase modulation depth. Finally, modula- 9t [, g+0 h
tion depth can be increased if pulsed THz field is used. This

and other related issues will be discussed in detail in a forth-

coming article.

2m
2
——Vgo(el+ ef, g ef, — €k+q)

X[ g (L=nO(L=ng, )

anf B a
—neng (1= )(1—n , (A1)
IV. CONCLUSIONS KMo +g( 1= M) (1= Niceg)]
where« and g differ, andV,, is the screened Coulomb po-

To conclude, we derived a set of moment equations froMeia| After factorization, the difference term in the squared
the microscopic semiconductor Bloch equations describing §,cket contains a factor

semiconductor quantum well laser in an in-plane THz elec-
tric field. This self-consistent treatment of the lasing and e —€* . te —e
; : : . k+q—ke  Sk—k2 " “k'—kB Sk’ +q-kB
heating processes in the presence of a heating field allows|aq _ o D D D D
kgT

better treatment of this system. As a result, we predict th
strong saturation and degradation of modulation depth at

relatively small THz intensity level. This places a severe . fkp _%
limit to the bandwidth achievable using this scheme. The q me My
saturation phenomenon is fully understood using the nonlin- = | 1—€xpg — e (A2)

ear gain model, which we obtained automatically by starting ) o
from the microscopic theory. Based on our understandingvhere we have used energy conservation and parabolicity of

we are able to point out several strategies for achievingarrier energy dispersion. Expansion of the exponent term
deeper modulation. While this heating scheme proves not t§ads to the conclusion that

pe viable for frequency beyond 1 THz, it provides an attrac- ane anL‘ 7ikg ﬁkg 1k AKD\
tive alternative at 100 GHz level or lower. — =——| « - = ——x
The key issue with this scheme that has to be resolved is ¢ len IMlgp Me My Me My 3

how to apply the THF or HFF to a semiconductor laser.
There are two ways to realize this scheme. Adding lateral  After integrating overk for the scattering terms above
electrode to bias the laser structure in the lateral directiomccording to Eq(2.11), and realizing that the following re-

provides an easy way as was suggested in Ref. 3. For demationship holds under the assumption of quasiequilibrium
onstration purpose, THz wave can be coupled from the side w
of the laser structure into the active region. The mathemati- Po=Nfikp, (A4)

for both cases. _ _ due to electron-hole scatterings can be written in a rate equa-
Finally, we point out that semiconductor laser driven bytion form as in Eq(2.15

a lateral heating field may have other application, such as
switching, HFF detection, and short pulse generation etc. dP
The detailed discussion of these issues will be beyond the dt
scope of this article and will be presented elsewhere.

dPy
dt

Pe Ph
~= 7ehmr(_ - _) (A5)

me My

eh eh

and the relaxation rate is given by
2
Yen=™ — §
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APPENDIX: MOMENTUM RELAXATION DUE TO m;

ELECTRON-HOLE SCATTERINGS in the leading order of #kg)/(me) — (%kD)/(my), which

Carrier—carrier collisions occur on the femtosecond timecan be shown to be positive-definite.
scale at typical lasing plasma densify?® Intraband and in- Finally, we should comment on the use of the equality
terband scattering rates are comparable. To investigate thie,=T,, in deriving Eq. (A3). Exactly speaking,T.=Tj
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